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The study of low-temperature photoluminescence spectra of GassIns;As as a function of excita-

tion intensity reveals three distinct features:

With decreasing excitation intensity the excitonic

line (i) narrows, (ii) shifts to lower energies, and (iii) gets increasingly asymmetric. This behavior
is more pronounced in samples with a broad excitonic linewidth. At low excitation intensities
linewidths of 1.2 meV for GassIns3As grown by chemical-beam epitaxy are found. The experi-
mental observations are described in terms of a quantitative, semiclassical model which is based
on the migration of carriers to low-energy sites of the zinc blende alloy. An expression for the
photoluminescence line shape of excitons in alloy semiconductors is given for the first time. The
experimental results are well described by this theoretical model.

Ternary and quaternary III-V alloy semiconductors are
one example of materials with a perturbed crystal poten-
tial. The perturbation results from microscopic, statistical
variations of the alloy composition.!~®> Other examples of
statistically disordered semiconductors are (i) highly
doped semiconductors, (ii) quantum wells with a fluctuat-
ing well width, and (iii) the amorphous state of semicon-
ductors. This microscopic variation of the alloy composi-
tion strongly affects the linewidth of excitons in low-
temperature photoluminescence spectra. The linewidth of
bound excitons is less than 0.1 meV in binary III-V semi-
conductors,* while it is several meV in the alloy-broadened
spectra of ternaries and quaternaries.>~’ The line shape of
bound excitons in a binary semiconductor is given by the
Lorentzian function. In the Al,Ga;_,As alloy the line
shape was shown to be Gaussian at a sufficiently high exci-
tation intensity.! Currently, high-quality alloy materials
grown by chemical-beam epitaxy are a useful tool to study
the osptical properties of excitons in pseudobinary cation al-
loys.

In this Rapid Communication we report the first experi-
mental and theoretical investigation of the line shape of
excitons in the alloy Gag7Ins3;As grown by chemical-beam
epitaxy (CBE).® The good quality of CBE-grown
Gay7Ilns3As allows us to investigate the dependence of the
excitonic linewidth, peak energy, and line shape on the ex-
citation density. The experimental findings are analyzed
using a semiclassical quantitative model taking into ac-
count the migration of excitons to low-energy sites of the
crystal. A mathematical expression for the line shape of
excitons in alloy semiconductors is derived.

High-quality ternary alloy Ga4;Ins;As lattice-matched
to the InP substrate by CBE (Ref. 8) is used in this study.
The growth velocity of the epitaxial layers is typically
3.3-3.6 um/h. Their thicknesses are several micrometers.
A systematic variation of crystal growth parameter, such
as the substrate temperature of the III-V element flux ra-
tio, is not performed in this study. Photoluminescence
measurements are performed with the samples immersed
into liquid He pumped to a temperature of 2 K. The
647.1-nm line of a Kr* laser is used for optical excitation.
The laser-light spot on the sample has a diameter of 50
um. The spontaneous luminescence light is analyzed with
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a cooled Ge detector attached to a 1-m single-pass mono-
chromator.

Experimental results of a homogeneous Gay7lns;As
sample are shown in Fig. 1(a) for an excitation intensity of
10 uW. The low-temperature photoluminescence spec-
trum consists mainly of an excitonic line. The weak
impurity-related optical transitions at an excitation power
of 10 uW indicates the high purity of the CBE-grown
GagrlnsiAs. At an excitation power of 100 nW (e., 5
mW/cm?), as shown in Fig. 1(b), an impurity-assisted
transition occurs at 15.8 meV below the exciton. This
transition is usually referred to a donor-to-acceptor transi-
tion.>!® Reduction of the exciting power from 10 gW in
Fig. 1(a) to 100 nW in Fig. 1(b) shows a shift of the
bound-exciton peak energy to a lower energy. In addition
the linewidth of the bound exciton reduces from 2.6 to 1.9
meV. The change of the excitonic line shapes with excita-
tion intensity is shown in detail in the inset of Fig. 1(b).
The line shape changes predominantly on the high-energy
side, while the low-energy side remains unchanged. The
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FIG. 1. Low-temperature photoluminescence spectra of un-
doped GagIns;As. The excitation intensities are (a) 10 pW
(510 mW/cm?) and (b) 100 nW (5.1 mW/cm?). The inset
shows the bound-exciton transitions for both excitation intensi-
ties and a magnified abscissa scale.
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changes of the linewidths and of the peak energies as a
function of excitation density is shown in Fig. 2 for three
samples. For sample A4, which has an narrow excitonic
linewidth, the shift of the peak energy is approximately
0.27 meV per decade excitation intensity. For sample B,
which has a broader linewidth (AE =6 meV), the shift
of the peak energy amounts to 0.5 meV per decade excita-
tion intensity. Sample C has an extremely narrow line-
width of 1.2 meV (at 100-nW excitation power) and a
shift of the peak energy of 0.05 meV per decade excitation
intensity. Consequently, the line-narrowing and the peak-
energy shift in the three samples are proportional to the
linewidths.

The narrow photoluminescence spectra of a Gag7Ins;As
(sample C) layer is shown in Fig. 3. At an excitation in-
tensity of 5 mW/cm?, the linewidth (full width at half
maximum), is 1.2 meV. It is noteworthy that this line-
width is the narrowest reported so far for Ga47Ins;As. The
Gay7Ins3As layer thickness of sample C is 0.2 um and the
ternary layer is clad by InP. We attribute the narrow
linewidth of sample C partly to the thin Gas;Ins;As layer
which makes composition fluctuations along the growth
axis less effective. Band-filling effects of the Burstein shift
are excluded as origin of the energy shift of the excitonic
line, because all measurements are performed at low-
excitation intensities. Hot carrier luminescence is exclud-
ed as well at the power densities used in this study. Next
we will outline a quantitative semiclassical model that ex-
plains the observed properties of excitons in alloy semicon-
ductors.

The linewidth of an exciton in a random alloy semicon-
ductor was calculated by assuming statistical distribution
of cations in the zinc blende lattice. The alloy-broadened

826 |- Gag7 IngzAs

T=2K —
825 sampie 8

824 [

7
7921 =
SAMPLE A
791 - .

1
~

|
(o]

|
N
) 3]
LINEWIDTH OF BOUND EXCITON AE (meV)

P S—

(¢)

PEAK ENERGY OF BOUND EXCITON fwgg (meV)

790)';— (1
- —2
SAMPLE C
787 - -4
A 2 v\ 'Y el
76 4o

] 1 ] ! ]
10" 100 10" 102 103
EXCITATION POWER P (uW)
FIG. 2. Dependence of peak energy and linewidth of the
bound-exciton transition in Gas;Inss;As on the excitation intensi-
ty for the three samples. The narrowest bound-exciton linewidth
obtained is 1.2 meV.
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FIG. 3. Low-temperature photoluminescence spectrum of an
undoped 0.2-um-thick Gas7Ins;As layer clad by InP barriers.

linewidth of excitons reflects the compositional variation
of the band-gap energy in real space. The varying energy
gap is shown schematically in Fig. 4(a). Assuming that all
charge carriers are distributed homogeneously in the
semiconductor, i.e., carriers do not preferentially occupy
low-energy states in the crystal, the excitonic linewidth is

given by’
1/2
] , (D

where dE,/dx is the change of the energy gap with the al-
loy composition x, ag is the lattice constant, and a.y is the
excitonic radius. Using the hydrogen model for deter-
mination of the excitonic radius the photoluminescence
linewidth of an exciton in Gas7Ins3As is AE cxc =1.6 meV.
In Gag7Ins3As there might be additional variations of the
alloy compositions not explainable by statistics, as pointed
out by Penna et al.!! Therefore, the standard energy devi-
ation of for Gag7Ins3As might be larger!! than expected
from Eq. (1). Homogeneous carrier distribution within
the random alloy potential yields an exciton line shape of
Gaussian form,
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with o given by Eq. (1). Equation (2) is reminiscent of
Urbach’s law,!? which points out that there is an exponen-
tially decreasing density of states close to the fundamental
gap of a semiconductor. Furthermore, Eq. (2) does not
comply with Nordheim’s rule,!® which states that an effect
due to alloy disorder should be symmetric with x. If there
is a considerable bowing of the energy gap with x,
Nordheim’s rule does not apply. The experimental results
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described above do not suggest anymore of a homogeneous
carrier distribution in the crystal. Instead, a preferential
recombination from low-energy sites of the crystal is ex-
pected at low-excitation intensities.

Next, we will take into account the migration of
electron-hole pairs into the low-energy valleys of the crys-
tal as schematically shown in Fig. 4(a). When electron-
hole pairs are excited high into the conduction and valence
band, energy relaxation occurs rapidly due to optical-
phonon scattering within times on the order of 0.1 ps.
After relaxation the carriers are consequently distributed
homogeneously in real space. At high-excitation intensity
the van Roosbroeck-Shockley recombination lifetime is
short, and no preferential recombination from a low-
energy site occurs. The photoluminescence spectrum then
represents the distribution of the energy gap in space. In
this case, the peak energy of excitonic luminescence and
absorption spectra nearly coincide'® as long as no
impurity-related transitions and no Burstein shift oceur.
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Since the recombination time 7, in turn depends on the ex-
citation intensity, the ratio z,/z, can be tuned by changing
the excitation intensity. Figure 4(b) shows some lumines-
cence line shapes for the exciton according to Eq. (4) with
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FIG. 4. (a) Schematic sketch of varying conduction and

valence-band edges due to statistical fluctuations of the alloy
composition. The carriers migrate to low-energy sites of the
crystal within a time ., which is assumed to be equal for elec-
trons and holes. The time 7, denotes the radiative recombination
lifetime. (b) Theoretical line shape of excitons in alloy semicon-
ductors according to Eq. (4) for various ratios 1,/7.. For 7, < 1.
the excitonic band is of Gaussian shape.
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At low-excitation intensities, the lifetime of carriers is,
however, long, and energy relaxation within the distorted
crystal takes place. The characteristic time constant for
carriers to migrate into valleys is taken to be 7.. The
change of a given carrier concentration (or exciton concen-
tration) at a given energy E and time ¢, [dn (E,z)1/dt, can
be expressed by a nonlinear first-order partial differential
rate equation,

dED __pEnLlac, @)
dr Te

where F (E) is the distribution function

E
FE)=f__fE)NE,

and F(E) represents the availability of states lower than
E.

Solving Eq. (3) with the boundary condition n(E,0)
=nof (E) yields the spectral shape of excitonic recom-
bination in alloy semiconductors, i.e., at ¢t =1,:

} . 4)

dE*

e, .
various ratios 7,/7..

For long recombination lifetimes
(7, > 1., i.e., low-intensity excitation) the radiative transi-
tons occur predominantly from low-energy sites of the
crystal. Qualitatively, the calculated photoluminescence
spectrum of Fig. 4(b) coincides with the measured exci-
tonic photoluminescence spectrum, as shown in the inset of
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FIG. 5. Comparison of experimental low-temperature photo-
luminescence spectra (solid lines) of Gas7Ins3As at the excitation
intensities 10 uW (510 mW/cm?) and 100 nW (5.1 mW/cm?)
with their theoretical fit (filled circles and squares) according to
Eq. (4) with og =1.1 meV.
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Fig. 1(b), in terms of (i) line narrowing, (ii) shift of peak
energy, and (iii) change of the emission band at the high-
energy side of the spectrum. The theoretical result of Eq.
(4) is fitted to experimental results by adjusting the time
ratio 7,/7.. Experimental measurements (10 uW and 100
nW, solid line) are shown together with their theoretical
fit (filled circles and squares) in Fig. 5. The agreement in-
cludes the (i) line narrowing, (ii) peak-energy shift, and
(iii) the change of the exciton band predominantly on its
high-energy side, i.e., the asymmetric change of the exci-
ton band. Minor discrepancies on the high-enery side of
the low-intensity spectrum are probably due to reabsorp-
tion of photons in the epitaxial layer. The spectrum ob-
tained at an excitation power of 1 uW (not shown in Fig.
5) yields a good agreement with the theoretical fit as well.
The time of exciton formation is not critical in the above
model, since both excitons and free carriers tend to occupy
preferentially the low-energy sites of the alloy. In impuri-
ty bound excitons the binding of the exciton to the impuri-
ty is strongly reduced in the alloy due to electric fields via
the Poole-Frenkel effect.! Therefore, also impurity-bound
excitons could diffuse to the energy valleys. The
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phenomenological, semiclassical model described here ex-
plains all observed experimental results.

In conclusion, the study of low-temperature photo-
luminescence spectra of excitons in Gas7Ins;As reveals a
(i) line narrowing, (ii) shift of the peak energy, and (iii)
an asymmetric change of the line shape by lowering the
excitation intensity. Both the amount of line narrowing
and peak-energy shift are proportional to the linewidth it-
self. The narrow excitonic linewidths of AE =1.2 meV re-
veal the superior quality of Gag7Ins3As grown by
chemical-beam epitaxy. The experimental results are
analyzed in terms of a quantitative semiclassical model
that takes into account the migration of carriers into the
low-energy sites of the crystal. The line shape of exciton
recombination in alloy semiconductors is determined by a
partial differential rate equation and is given in analytic
form for the first time. The theoretical model coincides
with all experimental findings.
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FIG. 4. (a) Schematic sketch of varying conduction and
valence-band edges due to statistical fluctuations of the alloy
composition. The carriers migrate to low-energy sites of the
crystal within a time ., which is assumed to be equal for elec-
trons and holes. The time 7, denotes the radiative recombination
lifetime. (b) Theoretical line shape of excitons in alloy semicon-
ductors according to Eq. (4) for various ratios 7./7.. For 7, <z,
the excitonic band is of Gaussian shape.



